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1 Introduction

The primary motivation for studying relativistic heavy ion collisions is
to gain an understanding of the equation of state of nuclear, hadronic and
partonic matter, commonly referred to as nuclear matter. This endeavor is
of cross-disciplinary interest to nuclear physics, astrophysics, cosmology and
particle physics. Displayed in Fig.1 is a schematic phase diagram of nuclear
matter. The behavior of nuclear matter as a function of temperature and
density (or pressure), shown in Fig.1, is governed by its equation of state.
Conventional nuclear physics is concerned primarily with the lower left portion
of the diagram at low temperatures and near normal nuclear matter density.
Here normal nuclei exist and at low excitation a liquid-gas phase transition is
expected to occur. This is the focus of experimental studies using low energy
heavy ions. At somewhat higher excitation, nucleons are excited into baryonic
resonance states, along with accompanying particle production and hadronic
resonance formation. In heavy ion collisions, such excitation is expected to
create hadronic resonance matter. This region is presently accessible in heavy
ion studies at the AGS accelerator facility at Brookhaven National Laboratory
and at the SPS accelerator facility at CERN. As depicted in Fig.1, some part of
these collisions may traverse the transition region into the quark-gluon plasma
regime. Formation of a quark-gluon plasma, a deconfined state of quarks
and gluons]! is the major focus of relativistic heavy ion experiments at higher
energies. For this purpose the Relativistic Heavy Ion Collider (RHIC) ? and
associated experiments are presently under construction at Brookhaven for
operation in 1999, and operation with heavy ions is also being planned for
the LHC at CERN in 2005. As seen in the phase diagram, the anticipated
temperature and density trajectories at RHIC (and for LHC heavy ions) are
expected to lie close to that of the early universe, while those at the AGS and
SPS occur at higher baryon densities.

A quark-hadron phase transition is predicted to have occurred at around
ten micro-seconds after the Big Bang when the universe was at a tempera-
ture of approximately 150 to 200 MeV. This is the same transition as that
from hadronic matter to a quark-gluon plasma, but in the reverse direction
by cooling from a higher temperature as depicted in the phase diagram. Also
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Figure 1: Schematic phase diagram of nuclear matter.

of interest in cosmology is general nucleosynthesis and the long-term effects
of the possible existence of fluctuations in the quark-hadron phase transition.
The region of high baryon densities and very low temperatures is important
for various aspects of stellar evolution. The nuclear matter equation of state
governs neutron star collapse and supernova expansion dynamics.

Collisions of relativistic heavy ions are expected to allow an investigation
of the perturbative vacuum of Quantum Chromo-Dynamics (QCD)2 In such
studies, a better understanding of symmetry breaking mechanisms and the ori-
gin of particle masses may be found. The QCD vacuum is predicted to have
a complex internal structure, made up of a quark-antiquark condensate sea.
This sea possesses energy and mass, and can undergo fluctuations about its
zero point. However, isolated quarks are not expected. At low energy densi-
ties, quarks and gluons are confined in hadrons (baryons and mesons). Here
the vacuum acts as a color dielectric. At the high temperatures anticipated in
high energy collisions of heavy ions, the quark-antiquark condensate vacuum
is expected to melt. The hadrons dissolve into freely propagating quarks and
gluons, and the vacuum becomes a color conductor, or the true perturbative
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QCD vacuum. This is the quark-gluon plasma (QGP) phase. At such high
temperatures another phase transition is predicted to accompany the QGP
transition, this is the restoration of chiral symmetry. Thus, in order to under-
stand the phase diagram at high energy densities (high temperature and/or
baryon density) and the concepts of mass and symmetry breaking, it is im-
portant to review a few of the basic concepts of Quantum Chromo-Dynamics
(QCD), the theory of strong interactions.

1.1 Confinement and Deconfinement in QCD

There are two remarkable features of QCD.* At large distances or small
momentum transfer (Q?), the strong coupling constant (o) is large and quarks
are confined in colorless particles. At short distances or large momentum
transfer, the coupling constant is small. This is the regime of asymptotic
freedom. Measurements of the strong coupling constant which depict this
behavior are presented in Fig.2.

QCD thermodynamics can be calculated on a lattice by carrying out non-
perturbative numerical calculations of thermodynamic variables in QCD. The
results of a calculation incorporating two light quark flavors? is displayed in
Fig.3. A phase transition from a confined phase (hadronic matter) to a de-
confined phase (quark-gluon plasma) is predicted to occur at a temperature of
approximately 150 MeV.

A smooth but rapid transition is observed for the energy density ¢, while
a more gradual transition is observed for the pressure P, as a function of tem-
perature T. This phase transition is either a weak first order one or a second
order transition for finite lattice sizes. The large value in the difference (3P -
€) suggests that a sudden increase in entropy density should occur in crossing
the transition temperature. Lattice QCD calculations which incorporate more
than two quarks predict a first order phase transition.

1.2 Chiral Symmetry

The mass of a quark depends upon the distance over which it is probed by
a second quark or antiquark. Constituent quarks are dressed in a virtual cloud
of quark-antiquark pairs and gluons. Since three nonrelativistic constituent
quarks make up the nucleon, the constituent quark mass should be approx-
imately one third the mass of the nucleon, or ~ 300 MeV. The shorter the
distance between quarks, the smaller the mass, since the interaction weakens
at short distance. Thus the current quark, which is in the regime of asymp-
totic freedom, is nearly bare (i.e. has near zero mass). The best estimate for
the up-quark mass is approximately 5 MeV and that for the down-quark is
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Figure 2: Compilation® of experimentally determined values of the strong coupling constant
o, as a function of the momentum transfer Q2. The single value quoted here for o, is the
value measured at the mass of the Z° which is known to an accuracy of 3 percent.

approximately 7 MeV. If in fact, the light quark masses were zero, then the
quarks and their composite particles would obtain another symmetry, helicity.

Massless particles have helicity, defined as the projection of the spin of
the particle onto its momentum vector. Helicity is either left- or right-handed.
Since massless particles travel at the speed of light, the helicity cannot change
when boosting the particle to other frames, since the boost must always be less
than the speed of light. Thus, the emission and absorption of vector gluons
by color charges do not change the helicity of the particle. Another way of
seeing this is that the QCD Lagrangian for massless quarks factorizes into a
left-handed term and a right-handed term, and is therefore chirally symmetric.
One term is the QCD Lagrangian for left-handed quarks and the other is that
for right-handed quarks. Each can be represented by the special unitary group
for isospin, i.e. SUL(2) for left-handed or SUg(2) for right-handed quarks,
as appropriate, where SU(2); x SU(2)g is a fundamental symmetry. Most
obvious is the case of the nucleon, which cannot have helicity as a conserved
quantity since its mass is non-zero, and therefore we say that chiral symmetry
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Figure 3: Results of a lattice QCD calculation using two light quark flavors® Plotted are
the energy density e/T* (circles) and the pressure P/T* (squares) as a function of the
temperature T. A phase transition is observed in the calculation at T &~ 150 MeV.

is spontaneously broken. More technically, in this case the QCD Lagrangian
has an additional term which is proportional to the light quark mass times
the vacuum expectation value of the quark-antiquark condensate. Since this
expectation value is finite, the Lagrangian cannot be chirally symmetric.

In summary, at low energy densities quarks and gluons are bound into
colorless objects, called hadrons, and are confined. The quarks obtain large
effective masses (m, ~ mg ~ 300 MeV, m; ~ 500 MeV) by interactions among
themselves and with the surrounding vacuum. This is called broken chiral
symmetry. At sufficiently high energy densities, which we expect to create in
relativistic heavy ion collisions, a phase transition should occur where partons
become deconfined and their masses decrease (m, ~ mg ~ 0, m; ~ 150 MeV)
and chiral symmetry is partially restored.

1.3 Space-time Evolution of RHI Collisions

Lattice QCD calculations predict that a deconfinement transition to a
quark-gluon plasma should occur at sufficiently high energy densities. Such
a transition must have existed about 10 microseconds after the Big Bang. It
may exist in the cores of dense stars. Can we make it in the laboratory? This
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is the task of relativistic heavy ion physics, to explore QCD in the high density
regime and to search for the quark-gluon plasma.

Various computer simulations of the space-time evolution of these collisions
predict that the energy densities in collisions at RHIC and the LHC should
surpass the threshold for QGP production over a sufficiently large volume of
matter for as long as 5 - 10 fm/c in duration”® The strength of potential
QGP signals relative to the background created by the hot hadronic phase
and any modifications due to final state interactions will be determined by the
characteristics and time evolution of each of the following: the collision process
at the parton level, formation of a QGP, expansion, cooling, and hadronization.
The dynamics of these collisions can only be established once experimental
measurements become available. Only then will the space-time evolution be
determined, signals verified and further understanding of the transience of the
state of the QGP attained.

1.4 QGP and Chiral Transition Signatures
Thermodynamic Variables

Although detailed knowledge of the collision process has yet to be ob-
tained, there are predictions for possible signatures of QGP formation and of
partial restoration of chiral symmetry. One group of QGP signatures can be
classified as thermodynamic variables. This class involves determination of the
energy demnsity ¢, pressure P, and entropy density s of the interacting system
as a function of the temperature T and the baryochemical potential ug. Ex-
perimental observables can be identified with these variables and thus their
relative behavior can be determined. If a phase transition to QGP occurs, a
rapid rise in the effective number of degrees of freedom, expressed by ¢/T* or
s/T?, should be observed over a small range of T as observed in Fig.3. The
variables T, s, and ¢, can be identified with the average transverse momentum
(pT), the hadron rapidity density dN/dy, and the transverse energy density
dEt/dy, respectively® The behavior of these observables should be established
in the initial round of relativistic heavy ion collider experiments.

Electromagnetic Probes

Electromagnetic (EM) probes, such as photons and leptons (i.e. virtual
photons), provide information on the various stages of the interaction without
modification by final state interactions. These probes may provide a measure
of the thermal radiation from a QGP, if a region of photon energy, or equiv-
alently lepton pair invariant mass, can be isolated for emission from a QGP
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relative to other processes. However, the yields for EM probes are small rela-
tive to background processes, which are primarily EM decays of hadrons and
resonances. Lepton pairs from the QGP are expected to be identifiable in the
1—1.5 GeV invariant mass range!® At somewhat higher masses the Drell-Yan
process dominates and is expected to exceed the thermal yield of lepton pairs.
There is an indication from parton cascade calculations !! that lepton pairs
from a QGP may dominate over Drell-Yan for even higher masses in the 5 — 10
GeV region. This could allow one to probe the early evolution of the QGP
independent of dynamical modell?

At lower invariant masses between 0.5 and 1 GeV, lepton pairs from
hadronic sources are expected to dominate and provide information on pos-
sible medium modifications of hadrons at high density!®!* The widths and
positions of the p,w, and ¢ peaks in the lepton pair invariant mass spectrum
are expected to be sensitive to medium-induced changes of the hadronic mass
spectrum, especially to a drop of vector meson masses preceding chiral sym-
metry restorationl®22 A change in the K-meson mass would also affect the
width of the ¢-meson2425 A double ¢ peak in the lepton pair spectrum would

be indicative of a long-lived mixed phase2®

In fact, if the thermal fireball lives significantly longer than the ~ 1 fm/c
lifetime of the p-meson, then the strength of the p-meson in the lepton pair
mass spectrum is expected to increase relative to the longer-lived w. Thus, the
p/w tatio could serve as a “clock” for the lifetime of the thermal fireball 27

A hadron gas and a QGP near the critical temperature are expected to emit
photon spectra that are very similar in intensity and shape. If an extremely
hot QGP is formed initially, photons in the transverse momentum range 2 — 5
GeV/c should be emitted from this hot QGP phasel2:2%:2° Lower momentum
photons are expected to be emitted primarily from the mixed phase.

Charmonium Suppression

The production of J/4 particles in a quark-gluon plasma is predicted to
be suppressed in a QGP3° This is a result of the Debye screening of a c¢ pair,
initially formed in the QGP by fusion of two incident gluons3!' Less tightly
bound excited states of the cc system, such as ¢’ and x., are more easily
dissociated and will be suppressed even more than the J/+. Similar arguments
can be made for the heavier Y (bb) system3? However the temperature at which
the T ground state “melts” is predicted to be around 2.5 times the transition
temperature, and that of the larger Y’ state only slightly above the transition
temperature.



Strangeness Enhancement

A long-standing prediction for a signature of QGP formation is the en-
hancement of strange hadrons. The production of strange hadrons relative
to nonstrange hadrons is suppressed in hadronic reactions3® This suppression
increases with increasing strangeness content of the hadron. In a QGP the
strange quark content is rapidly saturated by s3 pair production in gluon-
gluon reactions, resulting in an enhancement in the production of strange
hadrons3* Thus, multi-strange baryons and strange antibaryons are predicted
to be strongly enhanced when a QGP is formed 256 Furthermore, it has been
shown 2637 that an enhanced strangeness content cannot be destroyed nor
generated by interactions during expansion and freezeout.

Disoriented Chiral Condensates

The temporary restoration of chiral symmetry during a relativistic heavy
ion collision could result in the formation of domains of a disoriented chi-
ral condensate (DCC)38 This term describes a coherent excitation of the pion
field corresponding to a local misalignment of the chiral order parameter (3).
Such domains would decay into neutral and charged pions, favoring pion ra-
tios Nyo/N, substantially different from 1/3. This could also explain why
final states with a large fraction of charged pions over neutral pions, observed
in Centauro events3® can occur with significant probability®*! The observa-
tion of pion charge ratios significantly different from 1/3, or nonzero charge
correlations*? would therefore be a direct signature of the chiral phase transi-
tion.

Domains of disoriented chiral condensate may also contribute to antibaryon
production through the formation of topological defects in the chiral order
parameter®** Such defects can arise at the intersection of chiral domain
walls, which carry baryon number and eventually evolve into baryons and an-
tibaryons, possibly leaving a signature of the chiral phase transition in regions

of phase space that are normally baryon-poor?®

High Pt Probes of QCD

The color structure of QCD matter can be probed by its effects on the
propagation of a fast parton?*” The mechanisms are similar to those respon-
sible for the electromagnetic energy loss of a fast charged particle in matter:
energy may be lost either by excitation of the penetrated medium or by radi-
ation.



The connection between energy loss of a quark and the color-dielectric
polarizability of the medium can be established in analogy with the theory of
electromagnetic energy loss*®%%:50 Although radiation is a very efficient energy
loss mechanism for relativistic particles, it is strongly suppressed in a dense
medium by the Landau-Pomeranchuk effect3! The QCD analog of this effect
has recently been analyzed comprehensively3?:%® Adding the two contributions,
the stopping power of a quark-gluon plasma is predicted to be higher than that
of hadronic matter.

A quark or gluon jet propagating through a dense medium will not only
lose energy but will also be deflected. This effect destroys the coplanarity
of the two jets from a hard parton-parton scattering with the incident beam
axis?*55 The angular deflection of the jets also results in an azimuthal asym-
metry. The presence of a quark-gluon plasma is also predicted to enhance the
emission of jet pairs with small azimuthal opening angles3® The sharp increase
in the acoplanarity of di-jet events in proton-nucleus interactions observed at
Fermilab ®7 indicates that the interpretation of these signals is complicated by
re-interaction.

2 Relativistic Heavy Ion Physics at the BNL-AGS and CERN-SPS

The experimental programs in relativistic heavy ions using the BNL-
AGS and CERN-SPS started in 1986. At BNL ion beams of silicon and gold,
accelerated to momenta of 14 and 11 GeV/c per nucleon, respectively, have
been utilized in approximately 10 fixed-target experiments. There have been
approximately 15 heavy ion experiments at CERN utilizing beams of oxygen
at 60 and 200 GeV/c per nucleon, sulphur at 200 GeV/c per nucleon and Pb
at 160 GeV/c per nucleon.

A presentation of selected experimental results addressing the space-time
evolution of these collisions and the transition signatures will be made in this
section. For a more detailed compilation of recent data, please see Refs. 86,
87.

2.1 Space-time Evolution of RHI Collisions, Thermodynamic
Variables and Strangeness

Various types of measurements provide information on the dynamics of the
collision process and the thermodynamic variables of the interacting system,
such as the energy density ¢, pressure P, entropy density s, temperature 7" and
the baryochemical potential pg. The nuclear stopping power can be defined
as the degree to which the energy of relative motion of the incoming nuclei
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is transformed into other degrees of freedom. The stopping power determines
the amount of energy accessible in the interaction region, the volume of the
interaction region and therefore the energy density (which is the energy divided
by the volume of the interaction region). These values change as the system
evolves and thus a significant difficulty is to determine these parameters as a
function of time.

The nuclear stopping power influences the dynamics of the reaction pro-
cess and as a result it also determines whether conditions are favorable for a
deconfinement transition or a chiral transition. It can be measured in various
ways. The energy remaining in the forward direction of the collisions can be
measured using forward calorimetry along the initial beam direction. The dif-
ference between the energy remaining in the forward direction and the initial
energy of the beam provides a measure of the energy that has been trans-
formed into other degrees of freedom, such as QGP formation and eventual
particle production. Another measurement, that of the amount of transverse
energy after the collision, provides an indication of the energy transformed
into particle production. A third type of measurement is the determination
of the final-state rapidity distributions of protons. This is a measure of the
redistribution of the incident protons (and thus the valence quarks) into the
final state as a result of the collision process. This is a measure of how the
valence quark distributions evolve from the incident to the final state in the
collision process.

Measurements have been made using various nuclear systems at the AGS
and SPS. The results indicate that the amount of nuclear stopping power is
large. The experiments measure transverse energy densities of up to 200 GeV
per unit pseudorapidity at the AGS 5% and up to 450 GeV at the SPS 5° in
central collisions of heavy nuclei (Au or Pb). Taking the measured transverse
energy densities and the system volume calculated using a Bjorken longitudi-
nal expansion geometry®C the energy densities can be derived. These results
indicate that the amount of energy in the interaction region is sufficient to pro-
duce energy densities well above the critical energy density predicted by lattice
QCD calculations ! (et ~ 1.5 GeV/fm?® for the deconfinement transition).

In interpreting this value, one must keep in mind the complications of de-
riving an energy density which changes rapidly as a function of time during
the collision process. The present approach takes the total measured trans-
verse energy and divides by the volume of the system derived from Bjorken
longitudinal expansion. The actual energy density can be larger at specific lo-
cations of the interaction region and smaller at others. A complex issue which
is yet to be resolved is a determination of the energy density as a function of
space and time during the collision process. This will involve a combination
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of high quality triple differential cross section measurements and dynamical
calculations which include all prominent processes.

Additional information can be derived from the rapidity distributions of
baryons in the final-state. This has been performed at both the AGS and SPS.
Results from the heaviest system (Pb + Pb) at the highest energy (158 GeV/c
per nucleon) indicate that the stopping power is indeed extremely large, as
is the case with the transverse energy measurements. Displayed in Fig.4 are
data from the NA49 Collaboration ®> which exhibit clearly this large degree of
stopping. The baryon - antibaryon distributions, which reflect the distribution
of final-state valence quarks, are peaked at midrapidity. This signifies that
the incident baryons (nucleons) experience significant stopping, slow-down,
pile-up at midrapidity and are then ejected over a broad peak or plateau at
midrapidity (90 degrees in the c.m. frame). This can be contrasted with the
same measurement in the lighter S + S system &2 also shown in Fig.4 and scaled
by a factor of 7 for comparison. The baryon - antibaryon distribution in the
lighter system exhibits peaks between the initial target and beam rapidities
(located at 0 and 6, respectively, in the figure) and midrapidity (located at
3). Thus, in the lighter system the incident baryons (nucleons) experience
less stopping and are not displaced as far away from their initial rapidities as
in the heavier system. Data from the NA44 Collaboration ¢ at the SPS are
consistent with the NA49 Pb 4+ Pb measurement. The E866 ¢5:66 and E877
67,68 Collaborations have performed similar measurements for the Si + Al and
Au + Au systems at the AGS with strikingly similar results and conclusions.

Measurements of the cross sections for the production of various types of
particles as a function of transverse momentum and rapidity can provide infor-
mation on the space-time evolution of the collisions. In addition to the rapid-
ity distributions of the net baryons described above, distributions of the more
abundantly-produced light particles, which are primarily pions and kaons, pro-
vide much important information on the dynamics of the collision process. The
rapidity distributions measured for pions and kaons in the heaviest systems,
peak at midrapidity and for pions is much broader than a thermal distribution
at the highest (saturated) temperature for both the AGS®®:® and SPS%%70 en-
ergies. An interesting difference emerges for the two energies when comparing
the measured pion to participant baryon ratios. The value measured for Pb +
Pb at the SPS is approximately 6, while that measured for Au + Au at the
AGS is near unity. This is a significant difference which reflects an extremely
large increase in entropy density in going from the lower AGS energy to the
higher SPS energies. This increase in the entropy density and its behavior as
a function of energy will be studied and correlated with other measurements
when the SPS operates at lower energies in the near-future to understand the
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Figure 4: The rapidity distributions for baryons - antibaryons (solid curve) derived from the

p—p and A — A distributions shown and labeled in the figure. The dashed curve represents

the errors on the derived baryon - anti-baryon distributions. For comparison, a similar

measurement for S + S is scaled by a factor of 7 and displayed as triangles. See the text for

discussion. Solid symbols represent the measured points and open symbols are these same
points reflected about midrapidity (symmetry axis).

systematics that evolve between the energies of the AGS and SPS.

In general, transverse momentum or transverse mass, defined as m; =
(m? + p'j’_)l/z, distributions provide information on the evolving system inte-
grated over time. For hadrons the spectra provide information on a superpo-
sition of scattering phenomena. These include semi-hard and hard scattering
processes leading to hadrons after parton fragmentation at high transverse mo-
menta, rescattering and thermalization leading to a themal-like spectrum at
low transverse momentum (up to about twice the particle mass), and a range of
processes in between. Most notable of these other processes is collective flow,
which manifests itself in the spectra at low and intermediate momenta up to
several times the particle mass. The measurements of the transverse mass dis-
tributions at the AGS ©6:6871 and SPS 69:70:72 have focussed on the low and
intermediate mass region where thermal and collective flow effects dominate,
since hard scattering effects are small at these energies. The resultant mea-
surements exhibit invariant transverse mass distributions which are primarily
exponential in form, i.e. (1/my)dn/dm, ~ e ™+/T  at a given rapidity. The
inverse-slope parameters (T) increase linearly with the mass of the detected

particle for a given colliding system (energy, mass and impact parameter) %272
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An example of this dependence is shown in Fig.5. As can be seen in Fig.5,
the inverse-slope parameters become rather large. Clearly, such large values
of T cannot be associated with temperatures of the hadronic system at freeze-
out, since they are higher than the predicted QGP transition temperature and
hadrons could not exist at these temperatures. Detailed studies 77> indicate
that the linear increase of the inverse-slope parameters with the particle mass is
a result of the strong influence of collective flow, which is a product of pressure
gradients in the system.

; NA4.9 central Pb+Pb
§ 400! Preliminary
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Figure 5: Inverse-slope parameters derived from the invariant transverse mass distributions
for various hadrons plotted as a function of the particle mass for central Pb 4+ Pb collisions
at 158 GeV/c per nucleon.

The various effects of collective flow in these collisions have been studied
in more detail and have recently been presented in Ref. 76. The simplest
approach involves fitting the transverse mass distributions with two parameters
using a thermal freeze-out component (represented by the parameter Ty,) and
a transverse flow velocity profile as a function of transverse radius (r) of the
form Birans (*) = Bmaz?/Rmaz- The second parameter Bp,q, is the strength of
the maximum transverse flow velocity at the radius (Ry,qz ) for all particles 7>
Fitting the transverse mass distributions using the two parameters in this
approach leads to a correlation in the parameters and a range of possible
parameter values. A typical range of values which results in good fits for the
transverse mass distributions in central collisions of Pb + Pb at the SPS are
(Ttoy Bmaz) = (120 MeV, 0.6) to (140 MeV, 0.45). One sees that there is some
flexibility in the fit procedures which results in a trade-off in the values of the
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two parameters.

Various approaches have been utilized to resolve this ambiguity in the val-
ues of (Tfo, Bmaz). One approach is to use two-particle Bose-Einstein inter-
ferometry to impose a more stringent restriction on the values of (To, Bmac)
when fitting the data. This has been performed by the NA49 Collaboration
utilizing the constraints imposed by fitting the single-particle transverse mass
distribution for negative hadrons and that for deuterons, along with the de-
pendence of the two-pion correlation function on the relative momentum of
the pion pair’” This works because there is a dependence of the two-particle
correlation function on the average momentum of the particle pair, which re-
flects the correlation between the momentum and position of the particles
during the expansion”® Therefore, one can map out the allowed values of the
freeze-out temperature and transverse flow velocity in a manner that more
tightly constrains these parameters. This analysis results in the values (Ty,,
Bmaz) = (120 MeV, 0.55). Using a different model for the dependence of
the two-particle interferometry on the space and momentum correlation, the
NA44 Collaboration obtains the values (To, Bmaz) = (140 MeV, 0.4)3 The
use of more sophisticated model calculations, such as hydrodynamic models or
RQMD/® to determine the space-momentum correlations and compare with
the data, should provide additional insight into the space-time evolution of
these collisions. In addition, further exploitation of the various parameters
of the two-particle correlation function could lead to additional information

about the collision process.”®

A better indication of the degree of thermal and chemical equilibration
in the system can be gained from the study of the relative abundances of
the various particles that are produced in these interactions. Several studies
80,81,82,83 have compiled the particle ratios measured in experiments at the AGS
and SPS and compared these with thermal and chemical equilibrium models.
It is concluded that a large degree of chemical equilibration occurs in these
collisions®° In fact, reasonable agreement between a thermal model and the
data on particle abundances is found with complete chemical equilibration,
including saturation of strangeness (v, = 1), and utilizing temperature and
baryochemical potential parameters in the range (T, pg) = (160, 200) to (175,
270) in units of MeV for reactions at the SPS8* Thus, there is evidence at
the SPS energies that the chemical freezeout occurs at higher temperatures
than thermal freezeout. Thus, the abundances of the various particles are
established earlier and at a higher temperature than the final particle momenta,
which are determined at thermal freezeout. Similar analysis of the AGS data
yields up = 540 MeV and T = 120 - 140 MeV, with the system in complete

equilibrium &°
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The NA44 Collaboration have found that the particle abundances which
they measure are well fit by a thermo-chemical model with p, = ug = 75 - 85
MeV, p, = 22-31 MeV, T = 155 - 170 MeV and v, = 0.75 - 0.95, where u, are
the up, down and strange quark chemical potentials, T is the temperature, and
v, is the strangeness saturation factor8® Thus, they find somewhat different
parameters than the previous analysis and only partial chemical equilibrium
for strange particles. An analysis of the NA49 data utilizing a statistical model
of a hadron gas®? also yields only partial equilibrium in the strangeness degree
of freedom with +, = 0.6. It is therefore still too early to establish definitively
these parameters from the data, although the range of parameters that result
are particularly interesting in pinning down the locus of T and pp in the phase
diagram. It appears that a better understanding of strangeness production
is necessary before determination can be made about whether strangeness is
equilibrated, since the models still have difficulty in fitting some of the strange
particle abundances.

2.2 QGP and Chiral Transition Signatures
Charmonium Suppression

Charmonium production is expected to be suppressed in a QGP 30 rel-
ative to hadronic matter. The NA50 Collaboration at CERN has measured
the production of J/% and ¢’ in 158 GeV/c per nucleon Pb + Pb reactions
using a muon pair spectrometer. They observe an anomalous suppression of
the J/v and 4’ # normalized to Drell-Yan pair production, in comparison to
the suppression already measured in lighter systems with proton, oxygen and
sulphur induced reactions in NA388° Shown in Fig.6 is the opposite-sign muon
pair mass spectrum. A peak resulting from decays of the J/¢ and a bump from
the 9’ decays can be seen in the spectrum. The fit to the data is superim-
posed on the spectrum with the various components of the fit depicted and
labeled individually. For example, the underlying Drell-Yan and open charm
backgrounds are depicted in the figure. The fit is performed above a dimuon
mass of 3.05 GeV/c2. The fit requires five parameters - J/v amplitude, %’
amplitude, Drell-Yan amplitude, and the mass and width of the gaussian line
shape of the J/1 - and includes the spectrometer resolution. The 1’ mass and
width are derived from those for the J/%. For more details of the fit, see Ref.
88.

Analyses of the NA38 and NA50 data indicate that the nuclear dependence
of the Drell-Yan cross section on the mass of the colliding system (with A
target nucleons and B projectile nucleons) can be parameterized as 48 =
(AB)*a™N¥ | with (DY) = 1.002 4 0.001%° This suggests the lack of nuclear
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Figure 6: Opposite-sign muon pair mass spectrum measured in the CERN NA50 experiment.
For details about the data and the superimposed fits, see the text.

absorption in these hard processes. When the same approach is applied to the
J /% production data for proton, oxygen and sulphur induced reactions, a value
of a(J/4) = 0.92 4+ 0.015 is found. The observed nuclear effect is consistent
with absorption of a pre-resonant ¢ system in nuclear matter® In contrast,
for the heaviest system Pb + Pb a value of a(J/¢) = 0.74 + 0.04 is measured
for J/+ production. This suggests an anomalous suppression ®° of the J/4 for
the heaviest system.

Since the Drell-Yan cross section scales as A x B, it can be used to repre-
sent the number of parton-parton collisions. Thus, ¢PY can be used to normal-
ize between measurements with different systems and impact parameters. The
ratio of ¢//% /¢PY can then be plotted for the various measurements at a given
(or properly normalized) energy. The NA50 Collaboration defines a geometri-
cal mean path length L(b) of the cZ system traveling through nuclear matter
for each nuclear reaction at a given impact parameter b, which is derived for
each collision assuming a geometrical model and using the transverse energy
measured in the experiment. This is calculated using a monte carlo technique
for determining L(b) = (pL)/po, where p is a standard Woods-Saxon nuclear
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density distribution, p, is normal nuclear matter density, and L is the sum of
the path length of the c¢ system through the remnants of each of the nuclei.
The ratio of ¢7/% /oPY times the branching ratio to muon pairs B, is plotted
in Fig.7 as a function of L in fermi. The proton, oxygen (not shown) and sul-
phur induced reactions are well reproduced by the straight line fit in the figure,
which represents BMLO'JM’/O'DY = exp(—poaps L) with ogps = 6.2 + 0.7mb for
normal absorption of a ¢ state. The most peripheral Pb + Pb data agree with
the normal absorption model. However for L > 7.5 fm the Pb + Pb data are
suppressed strongly by factors as large as 0.62 £ 0.04.
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Figure 7: The ratio B,mo“f/’/’ /oPY plotted as a function of the geometrical mean path
length L(b) of the c¢ system traveling through nuclear matter for the various colliding
nuclear systems. See text for details.

Higher statistics data, which have been reported recently by NA50238 sup-
port this observation with greater significance and more detail in impact pa-
rameter definition. Furthermore, similar data has been taken for the v’ channel
showing an anomalous suppression which appears not only for low impact pa-
rameter Pb + Pb collisions, but also in low impact parameter S + U collisions.
The anomalous suppression occurs for J/v geometrical mean path lengths of
L > 8fm and for L > 5fm for the ¢’. This is consistent with the expectation
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that the ¢’ should break up more readily in matter than the J/%, since the
¥’ has a larger radius. The largest suppression of J/v is found to be most
prevalent for J/¢ with low transverse momentum (p; < 1.5 - 2.0 GeV/c).
Predictions of models incorporating absorption in co-moving hadronic matter
92,93,94 and those including deconfinement ®° are presently being compared to
the data. The NA50 Collaboration finds that those models incorporating only
co-movers cannot reproduce the anomalous suppression measured in the J/9
and 7’ data sets. Further theoretical and experimental work is needed to de-
termine definitively the origin of the observed suppression. In the two types of
models which require co-movers or deconfinement, high density (hadronic or
partonic) matter is needed to reproduce even the normal suppression observed
in all colliding systems.

2.3 Electromagnetic Probes
Lepton Pairs

Real and virtual photons in the form of lepton pairs are an excellent
probe of the early stages of the interaction, since they escape the interaction
region without subsequent interaction or modification due to the final state of
the interaction. Various measurements have been made utilizing ion beams on
nuclear targets at the CERN SPS. The CERES/NA45 Collaboration has mea-
sured an enhancement of electron pairs °® above that expected from hadronic
sources in the mass region around the p meson, specifically 0.2 < m,, < 1.5
GeV/c?. These measurements were performed in the CERES/NA45 elec-
tron spectrometer which utilizes the hadron-blind technique to measure elec-
trons and photons. Electron pairs allow the measurement of initial quark-
antiquark annihilation via the elementary gq — eTe™ process (relevant if a
QGP is formed), pion annihilation in a high density hadronic medium via
atm~ — eTe™, and the leptonic decays of hadronic resonances (such as the
p-meson). The p is of particular interest as it has a short lifetime compared to
the interaction times and it decays very quickly in the presence of the medium
(whether QGP or hadronic). Thus, it should exhibit signs of possible chiral
restoration if there is a reduction of the p-meson mass.

The measured electron pair mass spectra of p + Be and S + Au interactions
are shown in Fig.8. The spectra for p + Be can be described as a superpo-
sition of the decays of various hadrons, whose components are also shown in
Fig.8. The S + Au electron pair data are enhanced relative to a superposi-
tion of electron pairs from the decays of known hadrons. These fascinating
results have stimulated considerable activity among theorists in an attempt
to explain the observed enhancement. The simplest interpretation consistent
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with properties of the observed enhancement is that the enhancement is due
to 7w annihilation®” Many calculations ® have addressed these data utilizing
«n annihilation, however they all have difficulty fitting the enhancement in
the electron pair data at pair masses 0.2 < m.. < 0.5 GeV/c%. A model has
been proposed ® which incorporates a decrease in the p-meson mass due to
chiral restoration 1°%101 in the dense medium. It agrees with the CERES data
and similar results from HELIOS-31°2 Another approach which incorporates
a spectral function for the p, pion modification in-medium, and p scattering
leading to a significant broadening in the p resonance fits the data equally
well. The various theoretical approaches have recently been summarized in
Ref. 103.
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Figure 8: Electron pair (e+e_) invariant mass spectrumin p + Be and S 4+ Au interactions?”

normalized by the charged particle multiplicity density. The experimental data are presented

as data points, and the statistical and systematic errors are exhibited separately as error bars

and brackets, respectively. The contributions from the decays of hadrons are also presented

as individual curves. The curve represents the total contribution from hadronic sources,

while the shaded region is the systematic error on this value. An enhancement above the

sum of the contributions of electron pairs from the decays of hadrons is observed for the S
+ Au interactions.

The CERES/NA45 Collaboration have recently measured and analyzed
the ete™ pair mass spectrum in Pb 4+ Au collisions. These data are shown
in Fig.9. The enhancement observed for masses above 0.2 GeV/c? in the S
+ Au data of Fig.8 beyond the ete™ yield expected from hadronic sources is
also seen in these data. The enhancement factor for the mass region from 0.3
- 0.7 GeV/c? is found to be 5.8 + 0.8 (statistical) & 1.5 (systematic) and that
for the entire mass region from 0.2 - 2.0 GeV/c? is 3.5 4 0.4 (statistical) +
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0.9 (systematic). For the S + Au system the enhancement factor for the mass
region from 0.2 - 1.5 GeV/c? was found to be 5.0 + 0.7 (statistical) + 2.0
(systematic). Similar enhancements in the low mass spectrum of muon pairs
have been observed in S + W by HELIOS-31°2 and in S + U by NA381%4 for
an incident momentum of 200 GeV/c per nucleon.
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Figure 9: Electron pair (e+e_) invariant mass spectrum in Pb + Au interactions?® (nor-
malized) relative to the charged particle multiplicity density. The various components are
described in the Fig.8 caption.

CERES/NA45 have also investigated whether the electron pair mass spec-
trum changes as a function of the event multiplicity (i.e. dependence on cen-
trality or impact parameter). These results are shown in Fig.10. They find
that in the mass region of the enhancement, i.e. for masses greater than 0.2
GeV/c?, the electron pair density divided by the charged particle density in-
creases with the multiplicity density of the collision. This can be compared
to what is expected for electron pair production from hadronic sources as
measured in the p + Be and p + Au reactions, also plotted in Fig.10 and
represented by the horizontal line. The enhancement above this line in the
Pb + Au reaction is indicated on the right-hand vertical scale and reaches a
value just above 5 for the highest charged particle multiplicity bin representing
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the most central collisions with smallest impact parameter. The electron pair
transverse momentum spectra have also been studied as a function of the pair
mass. It was found that the enhancement is most prevalent for low momentum
pairs of electrons. A significant upgrade of the CERES/NA45 spectrometer is
underway which will allow improved mass resolution to disentangle the p,w,
and ¢, and higher statistics are anticipated.
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Figure 10: The ratio of the electron pair density relative to the charged particle density

measured in Pb 4+ Au interactions plotted as a function of the mean charged particle density

of each ensemble of events. Also shown are the values measured in proton-induced nuclear

reactions which are consistent with production from known hadronic sources (horizontal

line). The scale on the right-side represents the enhancement factor above the electron pair
production from known hadronic sources.

Direct Photons

Direct photons in the 2 — 5 GeV energy range may provide a measure
of the thermal radiation from a QGP, if an extremely hot QGP is formed.
Lower energy direct photons could be emitted from a mixed phase of QGP
and hadronic matter. The CERN WAS80, NA34 and NA45 experiments have
performed measurements of the direct photon yield with ion beams on nuclear
targets. Results of these measurements have been summarized recently. 1°° No
direct photons were observed in the CERES/NA45 measurements'®® nor in the
NA34 experiment 1°7 with a level of approximately 10% systematic errors. The
WAS80 experiment %% has seen a slight signal, although within their systematic
errors (5%) it is consistent with no direct photons.
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Thus, a significant direct photon signal has not been established in rela-
tivistic heavy ion collisions at the energies presently available from the fixed-
target facilities.

2./ Disoriented Chiral Condensates

The temporary restoration of chiral symmetry during a relativistic heavy
ion collision could result in the formation of domains of a disoriented chiral
condensate (DCC). Such domains would decay into neutral and charged pions,
and due to fluctuations during the decay would produce pion ratios Nyo/N.
substantially different from 1/3. The CERN WA98 experiment has measured
the multiplicities of charged particles (primarily pions) and photons (primarily
from the decays of neutral pions) in central Pb + Pb collisions at 158 GeV/c
per nucleon!®® To date they have observed no events with a large charge to
neutral fluctuation from among 200K events, and report no significant DCC
signal.

2.5 High Pt Probes of QCD

Measurements of the fragmentation products of hard scattering can pro-
vide information on the matter through which the hard-scattered parton prop-
agates. Thus, the color structure of QCD matter can be probed by its effects
on the propagation of a fast parton. Until recently, there has been no mea-
surement at the AGS nor SPS which is relevant to this probe. It has been
thought that hard scattering processes do not contribute significantly in this
energy regime. Only recently, has this issue been addressed quantitatively!°

We have yet to see what this probe will tell us at the SPS energies.

2.6 Summary of Relativistic Heavy Ion Measurements from the
BNL-AGS and CERN-SPS

The results from relativistic heavy ion experiments thus far at the AGS
and SPS have been quite intriguing. A large amount of stopping is observed in
central collisions of the heaviest systems at the AGS and SPS. This stopping
results in the transfer of a large amount of energy from the relative motion into
other degrees of freedom. At SPS energies this creates high energy densities
beyond those predicted for production of a quark-gluon plasma (e ~ 1.5 — 2.0
GeV/fm3). The actual size and space-time evolution of this high energy den-
sity regime can only be understood after further investigation using dynamical
models with realistic ingredients, which reproduce the experimental observ-
ables. An increase in the pion to baryon ratio from approximately 1 to about
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7 has been measured in going from the AGS to the SPS energies. This is a
result of the large energy deposition. It is anticipated that measurements will
be made at energies intermediate between those of the AGS and SPS to better
determine and understand the evolution of the rise in entropy density and its
relation to the equation of state of nuclear matter.

Thermal and chemical equilibrium models are generally able to reproduce
the particle abundances and particle spectra measured in central collisions
at the AGS and SPS, once the strong influence of collective nuclear flow is
taken into account. As a result, the parameters which best fit the particle
ratios and particle spectra, including two-particle correlations, at the SPS are
found to be the freezeout temperature T;, = 120 - 140 MeV, the maximum
transverse flow velocity Bmqz = 0.4 - 0.55¢ (where ¢ is the speed of light), the
temperature at chemical equilibrium T = 160 - 175 MeV, the baryochemical
potential pp = 200 - 270 MeV, and the strangeness saturation factor y; = 0.6 -
1.0. Similar values have been derived from measurements at the AGS and yield
values of the temperature at chemical equilibrium T = 120 - 140 MeV and a
baryochemical potential pg &~ 540 MeV. Clearly, the range of values for each
parameter represents work to be done to better understand the differences in
the measurements and theoretical approaches which lead to these discrepancies.
However, these values provide us with the first indication of the region of
the parameter space that is populated in these collisions. From this there is
evidence for chemical and thermal equilibrium from the results at the AGS
and SPS energies. This evidence is strongest for the AGS energies and weaker,
especially for thermal equilibrium, at the SPS energy. Furthermore, the issue
of strangeness saturation (i.e. if 4, = 1), which is required for deconfinement,
is still to be settled.

Measurements of charmonium production exhibit a suppression of the yield
of both the J /4 and the 9’ 1elative to Drell-Yan production for central collisions
of Pb + Pb at the SPS. Furthermore, the yield of the v’ relative to Drell-Yan
is also observed to be suppressed for central collisions of the lighter S + Pb
system, whereas the J/4 is not. These results follow the expected pattern that
the Debye screening will initially affect the i’ before the J/¢ as the energy
density is raised (i.e. as in going from the lighter to the heavier system at the
SPS). These results suggest that the deconfinement regime has been reached
at the SPS. However, various theoretical models have recently been able to
predict this behavior utilizing re-interaction and break-up of charmonium in
high density matter without invoking deconfinement.

Measurements from three different experiments are consistent with no sig-
nal from direct photons due to a QGP. Electron pair (virtual photon) measure-
ments exhibit an enhancement at low to intermediate pair masses relative to
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pairs expected from hadronic decays for central collisions of the heavier systems
(S + Au and Pb + Au) at the SPS. This enhancement has stimulated consid-
erable theoretical investigation involving w#« annihilation, collision broadening,
in-medium effects such as a decreased p mass due to partial chiral symmetry
restoration, and other effects. Future measurements with higher mass resolu-
tion should provide important information with which to distinguish models
describing the electron pair enhancement. (In another investigation no disori-
ented chiral condensates have been seen.)

In summary, the quark-gluon plasma has yet to be observed unambigu-
ously, although there have been many interesting effects of high density nuclear
matter observed in the AGS and SPS experiments. This bodes well for studies
using relativistic heavy ions at significantly higher energies at RHIC and the
LHC.
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Figure 11: The Relativistic Heavy Ion Collider (RHIC) accelerator complex at Brookhaven
National Laboratory. Nuclear beams are accelerated from the tandem Van de Graaff, through
the transfer line into the AGS Booster and AGS prior to injection into RHIC. Details of the
characteristics of proton and Au beams are also indicated after acceleration in each phase.
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8 Relativistic Heavy Ion Collider and Experiments

The Relativistic Heavy Ion Collider is presently under construction and
expected to begin operation for experiments in June 1999. A schematic dia-
gram of the RHIC accelerator complex at Brookhaven is displayed in Fig.11.
Nuclear beams are accelerated from the tandem Van de Graaff accelerator
through a transfer line into the AGS Booster synchrotron and then into the
AGS, which serves as an injector for RHIC. RHIC will accelerate and collide
ions from protons up to the heaviest nuclei over a range of energies, up to 250
GeV for protons and 100 GeV /nucleon for Au nuclei. Fig.12 summarizes the
capabilities of the accelerator. In addition to the colliding beams described in
Fig.12, plans are underway to inject and accelerate polarized protons at RHIC

in order to study the spin content of the proton!!?
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Figure 12: The RHIC luminosity and number of central collisions per second, for impact
parameters less than 1 fermi, are plotted as a function of the colliding beam energies for
various projectile systems.

Collisions of the heaviest nuclei at impact parameters near zero at
RHIC are expected to produce around 1000 charged particles per unit pseudo-
rapidity. This presents a formidable environment in which to detect the prod-
ucts of these reactions. The experiments will take various different approaches
to search for the QGP. Two large collider detectors, STAR and PHENIX, are
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under construction for operation at RHIC start-up. The STAR experiment will
concentrate on measurements of hadron production over a large solid angle in
order to study global observables on an event-by-event basis. The PHENIX
experiment will focus on measurements of lepton and photon production and
will have the capability of measuring hadrons in a limited range of pseudora-
pidity. In addition, two smaller experiments are under construction. These
are BRAHMS, a forward and midrapidity hadron spectrometer, and PHOBOS
which is a compact multiparticle spectrometer. The collaborations, which
are constructing these detector systems and which will exploit their physics
capabilities, consist of approximately 900 scientists from over 80 institutions
internationally. An in-depth description of STAR, with which I am affiliated
and most familiar, and its physics goals will be presented. Then a summary
description of each of the PHENIX, PHOBOS and BRAHMS experiments and
their physics goals will be presented.

3.1 The STAR Experiment

The STAR (Solenoidal Tracker At RHIC) experiment 12 is presently un-
der construction with operation anticipated at RHIC beginning in June 1999.
A schematic layout of the STAR detector systems is shown in Fig.13. The
initial configuration of STAR consists of high resolution tracking detectors,
trigger detectors, and partial coverage of electromagnetic calorimetry inside
a 0.5 T solenoid. The solenoid provides a uniform magnetic field for track-
ing, momentum analysis and particle identification via ionization energy loss
measurements in the tracking detectors. These measurements will be car-
ried out at mid-rapidity, over a large pseudorapidity range (| 7 |< 4) with
full azimuthal coverage (A(¢) = 2x) and azimuthal symmetry. The tracking
detectors are a silicon vertex tracker (SVT) covering |  [< 1, a large time
projection chamber (TPC) covering | 1 |< 1.7, and a forward radial-drift TPC
(FTPC) covering 2.5 <| 1 |< 4. In addition to the tracking detectors, the elec-
tromagnetic calorimeter (EMC) will measure the transverse energy of events,
and trigger on and measure high transverse momentum photons, particles and
Jjets. Approximately 10% of the EMC is expected to be ready for initial RHIC
operation, with the remainder being constructed and installed over the three
years following RHIC start-up. A time-of-flight system (TOF) surrounding the
TPC to extend particle identification to higher momenta has been proposed
for future construction. The following trigger detectors are under construc-
tion for STAR: a central trigger barrel surrounding the outer cylinder of the
TPC for charged-particle multiplicity triggering in the | n |< 1 region, a TPC
endcap trigger for triggering on charged particle multiplicity over 1 <| 7 |< 2,
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Figure 13: Layout of the STAR experiment at RHIC.

a vertex position detector to identify and localize the interaction vertex, and
zero-degree calorimeters (at large pseudorapidities, not shown in Fig.13) for
vetoing large impact parameter collisions with a large amount of energy re-
maining in the forward direction. The electronics, data acquisition and online
monitoring systems for these detectors will also be installed.

STAR will search for signatures of QGP formation and investigate the be-
havior of strongly interacting matter at high energy density in central collisions
of relativistic nuclei. The STAR detector system will simultaneously measure
many experimental observables to study signatures of the QGP phase transi-
tion as well as the space-time evolution of the collision process over a variety
of colliding nuclear systems. In addition, STAR will investigate very periph-
eral collisions of relativistic nuclei to study photon and pomeron interactions
resulting from the intense electromagnetic fields of the colliding ions and color-
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less strong interactions, respectively!'® STAR will also have an active program
of spin physics studies of the interactions of polarized protons at RHIC 11!
The STAR physics program is outlined schematically in Tables 1 and 2.
The three primary categories of physics in STAR (relativistic heavy ion, po-
larized proton, and photon/pomeron) are listed. The relativistic heavy ion
program is depicted as a function of time during the collision process, with
initial collision impact listed at the top and time proceeding downward. Time
starts with the initial state of the two incident nuclei. The various stages are
underlined, the physics observables are listed on the left, and the quantities
measured in STAR are listed in the column on the right. The relativistic heavy
ion physics program of STAR will be presented for the various stages of the
collision, and then the peripheral collision (photon/pomeron) physics program

will be described.

Initial Conditions - Colliding Nuclei

The initial conditions will be studied in order to understand the structure
functions of the quarks and gluons of the colliding nuclei. This will require 1)
measurement of the nuclear structure functions of quarks and gluons in proton-
proton interactions at RHIC energies, and 2) measurement of the structure
functions of quarks and gluons in proton-nucleus interactions to determine the
degree of nuclear shadowing of quarks and gluons at RHIC energies. Each of
these studies will involve measurements of the elementary Compton process
(gluon + quark — 4 + quark jet) and other jet production processes. This
will determine the initial flux of quarks and gluons within the incident nuclei.
Such determinations are necessary as input to calculations of the production
yields of various processes.

Early Gluon-Dominated Stage

Once a RHIC collision begins, hard scattering of quarks and gluons domi-
nates the collision process.” This stage is dominated by gluon interactions due
to the shorter mean-free path of gluons as compared to quarks and due to the
predominance of gluon producing reactions over quark producing ones. It is
predicted that a gluon-dominated plasma formsl!1*

It is important to determine the characteristics of this early stage of the
collision at RHIC. Since hard processes will dominate this stage of the collision,
measurements of products of the hard scattering are necessary. STAR will mea-
sure high transverse momentum (p; ) photons, charged particles and jets. In
addition, STAR is investigating ways of performing an open charm measure-
ment via the hadronic or semi-leptonic channels of the decays of D-mesons.
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STAR Physics at RHIC

A. RELATIVISTIC HEAVY ION COLLISIONS

(* denotes event-by-event measurement capability)

Initial Conditions
Nuclear structure functions / nuclear shadowing
(quark and gluon)

Early Gluon-dominated Plasma
Temperature (radiation)

Quark Gluon Plasma Transition and Mixed Phase
Thermalization
Flavor equilibrium
Deconfinement
Order of phase transition
Fluctuations
Space-time evolution
Mini-jet and jet propagation/attenuation

Chiral Symmetry Restoration
Resonance widths, masses, branching ratios
Disoriented chiral condensates

Hadronization Transition

Freeze-out conditions
Strangeness Distillation

Collision Dynamics
Stopping and baryo-chemical potential
Expansion dynamics (long./transverse flow)

STAR MEASUREMENTS

y-jet
jets

(Open Charm?), v’s

d30/dpidnde *

strangeness (K£°, A, B, ) *
(J /4 suppression)

T, entropy, HBT

d2E/dndé *, d30 /dpidnde*
an*, KK*° . HBT

high p: particles

vy-jet,* jets,* high p; w°

¢ — KK, (ete™)
E;(neutral) / n(charged)*

7t~ spectra at low p:

HBT*, T *
K+, K~ *

d30/dpidndg *
flow, d3¢/dp:dnde
d°E/dnd¢

Table 1: Schematic representation of the relativistic heavy ion physics component of the
STAR physics program. The table is time-ordered as a function of the stage being probed
of the collision process. Time starts with the initial states of the incident nuclei at the top
and proceeds downward. The physics observables are listed on the left and the quantities
measured in STAR are listed on the right. The two remaining categories of physics in STAR
(polarized proton, and photon/pomeron physics) are listed in Table 2.
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STAR Physics at RHIC (continued)

B. POLARIZED PROTON-PROTON INTERACTIONS

Spin Physics
Spin-dependent parton distributions jet-jet, y-jet, v,
wt | z°

C. PERIPHERAL COLLISIONS OF RELATIVISTIC HEAVY IONS
(PHOTON/POMERON PHYSICS)

Peripheral Collision Physics (v, g, pomerons)

£2(1270), £,(975), p°p°, vg — c €, pomeron int’s resonance decays
atax—
7r+7r_7r+7r_, etc.

Table 2: Continuation of schematic representation of the STAR physics program (relativis-

tic heavy ion, polarized proton, and photon/pomeron). Schematized in this table are the

polarized proton, and photon/pomeron physics programs in STAR. The physics observables
are listed on the left and the quantities measured in STAR are listed on the right.

At present, no techniques have been found to accomplish these measurements
in STAR, without the addition of new detectors. Since a measurement of
the charm production cross section is essential to be able to determine the
charm contribution to the background for charmonium production, and thus
understand the suppression of charmonium states and possible formation of
a deconfined phase in relativistic heavy ion collisions, investigations into the
possibility of measuring open charm in STAR continues.

Quark Gluon Plasma Transition and Mixed Phase

Strangeness and Particle Yields.

To determine the degree of equilibration of the system and to investigate
fluctuations, STAR will measure triple differential cross sections for produc-
tion of various types of particles as a function of transverse momentum (p, ),
pseudo-rapidity () and azimuthal angle (¢). Since the hadrons that are mea-
sured in the final state are formed in the hadronization process after a possible
QGP phase, the final state spectra of hadrons are a product of the various
stages of evolution of the system. For a QGP to have formed, the yields
of produced particles must be representative of a system in equilibrium at
a temperature and baryo-chemical potential regime beyond that sustainable
in hadronic matter (see Fig.1). To ascertain information on the high den-
sity phase, strange hadrons (K*, K, K°) and singly- and multiply-strange
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baryons (A, A,Z7, =%, Q) will be measured in STAR over a wide rapidity in-
terval about mid-rapidity!'® These measurements will be used to determine the
degree of saturation of the strangeness degree of freedom. An enhancement
in the production of strange particles resulting from chemical equilibrium of
a system of quarks and gluons was one of the first predictions for a signature
of QGP formation3* From the measurements and ratios of strange particles
and other hadrons, the baryo-chemical potential, temperature and degree of
saturation in strangeness can be determined for various ensembles of events
(impact parameter selections) and colliding systems in STAR. Coupled with
theoretical predictions, this information can be used to determine whether a
QGP has been formed. Some strangeness observations that are anticipated to
accompany the formation of a QGP are an enhancement in the strange an-
tibaryon content 3*:3¢ and an increased sensitivity of multiply-strange baryons
(E7,E%,Q) compared to singly-strange hadrons ®5 for the presence of a QGP.

Parton Propagation and Attenuation.

The products of hard scattering processes in the early stages of a relativis-
tic heavy ion collision must traverse distances of several fermi through highly
excited matter. The energy loss of these propagating quarks and gluons is
predicted 116 to be senmsitive to the medium through which they travel, and
may be a direct method of observing the excitation of the medium. As a result
the spectra of high p, particles and jets will be modified due to attenuation in
the medium. The resulting spectra will represent the energy-loss history of the
hard-scattered parton as it traverses the medium. If there is a large difference
in the energy loss between highly excited hadronic matter and the QGP, then
this quenching effect should be visible in the high p,; spectra of particles and
jets. A systematic study of pp, p-nucleus and nucleus-nucleus collisions will be
necessary to unravel the degree to which shadowing and quenching contribute
to the particle spectra.

Hanbury-Brown and Twiss (HBT) Interferometry.

Correlations between identical bosons provide information on the freeze-
out geometry, the expansion dynamics and possibly the existence of a QGP!'7
STAR will measure the parameters of the pion-emitting source via pion corre-
lation analysis on an event-by-event basis and will correlate them with other
event observables. Moreover, the correlations of like-sign charged kaons or pi-
ons will be measured on an inclusive basis to high accuracy. The dependence of
the source parameters on the transverse momentum components of the particle
pairs will be measured with high statistics. Measurement of correlations be-
tween unlike-sign pairs will provide information for Coulomb corrections and
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on effects of final state interactions. The KK correlation is less affected by
resonance decays after hadronic freeze-out than the nn correlations. The K’s
are expected to freeze out earlier !'® than 7’s in the expansion. Depending
upon the baryo-chemical potential and the existence of a QGP, the KT and
K~ freeze out at different times.

By reconstructing the decay topologies of K¢ — ntx~, STAR will mea-
sure K°K? correlations!'? In this case the absence of Coulomb repulsion, as
compared to like-sign charged particle correlations, will enable a more precise
measurement of the large source dimensions expected at RHIC. Since the K?
is not a strangeness eigenstate, the KK correlations will contain an interfer-
ence term which should provide additional space-time information and exhibit
strangeness distillation effects in regions where the baryochemical potential is
significant 11®

Fluctuations in Energy, Entropy, Multiplicity and p, .

It has long been known that a general indicator of a phase transition is the
appearance of critical dynamical fluctuations in a narrow range of conditions.
Such critical fluctuations can only be seen in individual events where the statis-
tics are large enough to overcome uncertainties due to finite particle number
fluctuations. The large transverse energy and multiplicity densities at midra-
pidity in central collisions allow event-by-event measurement of fluctuations in
particle ratios, energy density, entropy density and flow of different types of
particles as a function of p, , rapidity, and azimuthal angle. Fluctuations have
been predicted to arise from the process of hadronization of a QGP12°

Chiral Symmetry Restoration

Resonance Widths, Masses, Branching Ratios.

The production cross section of ¢-mesons will be measured inclusively in
STAR via the decay ¢ — KTK~. Measurement of the yield of the ¢, which
is an s§ pair, places a more stringent constraint on the origin of the observed
flavor composition 12! than the K/ ratio and is expected to be more sensitive
to the presence of a QGP. The ¢ mass, width and production rate are also
expected to be extremely sensitive to changes in the quark masses'?? due to a
possible chiral phase transition at high energy densities. STAR will measure
¢ — KtK~ and with lower statistics ¢ — eTe™ in order to determine the
yield, mass, and width of the ¢ produced in central collisions at RHIC.

Electromagnetic/Charged Particle Energy Ratio.
The measurement of EM energy vs. charged-particle energy is an impor-
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tant correlation to measure in STAR in the search for the QGP and other new
physics. The imbalance between charged particle and neutral energy observed
in Centauro and other cosmic ray events emphasizes the need for EM/charged
particle measurements!?® Such abnormal ratios of neutral to charged-particle
energy and multiplicity have been associated with the formation of disoriented

chiral condensatesl24

Spectra at Low p, .

Using the silicon vertex tracking, STAR will measure the spectra of charged
pions at low p, in order to investigate effects of the presence of a disoriented
chiral condensate. A summary of STAR’s capabilities and the sensitivities to
parameters of the DCC domain size can be found in Ref. 125.

Hadronization Transition

Freeze-Out Conditions.

Both two-particle interferometry (discussed above) and single particle in-
clusive transverse momentum distributions provide information on the freeze-
out geometry and the expansion dynamics of the collision. As a consequence
of the high multiplicities in central collision events, the slope of the transverse
momentum (p, ) distribution for pions and the (p,) for pions and kaons can
be determined event-by-event in STAR. Thus, individual events can be charac-
terized by a pion slope parameter T, (effective “temperature”) or (p.), and a
kaon (py) in order to search for events with extremely high temperature, pre-
dicted 126 to result from deflagration of a QGP. The determination of (p, ) for
pions can be made very accurately on the single event basis in this experiment,
over the expected range of multiplicities in central collisions from Ca + Ca to
Au + Au. For kaons, with ~ 200 charged kaons per event in the acceptance
for central Au + Au events, (p1) can also be determined accurately for single
events.

Strangeness Distillation.

The spectra of KT and K~ will be measured accurately in STAR and
compared for regions of different baryo-chemical potential in order to determine
if effects of strangeness distillation are present. Such distillation effects are
predicted to occur in the presence of a QGP11®

Expansion Dynamics, Stopping, Baryo-Chemical Potential.

Inclusive p, distributions of charged particles will be measured with high
statistics in STAR to investigate various effects. These include collective radial
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flow and critical temperature at low p;, and mini-jet attenuation 27 at high
pL. The py spectra of baryons and anti-baryons at midrapidity are particularly
interesting for determining the stopping power of quarks. Measurements of the
net baryon number and net charge are important for establishing the baryo-
chemical potential at midrapidity.

Peripheral Collision (Photon/Pomeron) Physics

Nuclei colliding at ultra-relativistic velocities produce intense electromag-
netic fields, which can act as a coherent source of photons for the study of v~
interactions. Likewise, the colorless strong force fields of the interacting nuclei
can act as a coherent source of pomerons. These allow the possibility of also
studying y-pomeron and pomeron-pomeron interactions by investigating the
possible final state couplings and hadronic final states resulting from collisions
of relativistic heavy ions. Since the photon flux will be enhanced by a factor of
the square of the nuclear charge, the high photon-photon luminosities at RHIC
will allow a thorough study of many vector meson final states in the 1 to 2
GeV mass range. This is of particular interest since the results of ete~ and
proton-proton interaction experiments have exhibited many more particles in
this mass range than fits comfortably into SU(3). STAR will measure charged-
particle exclusive final states with few particles in order to reconstruct the
final state of the interaction. Peripheral collisions will be studied to decrease
the background of particles from nuclear interactions. The initial program in
STAR will involve a study of v4 — ete™ and vy — ptpu~ to measure the
incident flux for 4+ interactions. Then various final states, e.g. f3(1270) or
p°p°, will be measured and compared to their expected couplings to the two-
photon incident state. This will lead to an investigation of more exotic states
that have been seen in eTe~ and proton-proton interactions, e.g. candidates
for multi-quark(gluon) and/or mixed states. Thus, additional information can
be learned about these exotic states based upon their anticipated couplings to
two-photons. In addition, vector meson states formed in y-pomeron interac-
tions will be studied. More detailed information on this program in STAR can
be found in Ref. 113.

3.2 The PHENIX Experiment

The physics goals of PHENIX (Pioneering High Energy Nuclear Interac-
tion eXperiment) 2% are to measure as many potential signatures of the QGP
as possible as a function of a well-defined common variable such as impact
parameter or pseudorapidity density. PHENIX will measure lepton pairs (di-
electrons and di-muons), photons and hadrons. The experiment will be sensi-
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Figure 14: A diagram of the PHENIX experiment at RHIC. The beams collide along the
horizontal direction in the center of the detector. The detector components are defined in
the text.

tive to very small cross section processes such as the production of the J/4,
¥, T and high p, spectra. It will also have the capability for high rates with
pp and pA collisions. A diagram of the PHENIX detector system is displayed
in Fig.14. The magnet has an axial field along the beam direction with track-
ing chambers and detectors for the identification of electrons, muons, photons
and hadrons installed outside the field. There are two arms for dielectron
measurements, each with 1 steradian acceptance at midrapidity. Each arm
is equipped with a ring-imaging Cerenkov detector (RICH), a time-expansion
chamber (TEC) for dE/dx measurements, time-of-flight detectors (TOF), and
an electromagnetic calorimeter (EM Cal). Photons and hadrons will also be
measured at midrapidity with 2 and 0.36 steradian acceptances, respectively.

35



Separate muon spectrometers with 1 steradian acceptance each are located
at forward rapidities as shown in Fig.14. The magnetic field in each muon
arm is transverse to the beam direction. A silicon multiplicity-vertex detector
(MVD) and beam-beam coincidence counters are located near the interaction
vertex. The MVD covers | n |< 2.7 about midrapidity for event selection via
charged-particle multiplicity.

PHENIX will investigate the degree of deconfinement in RHIC collisions,
and thus the possibility of QGP formation, by measuring the yields of J/4,
', T. If the J/4 radius is larger than the Debye screening length then the
QCD potential between the c¢ pairs, which form a J/4, is weakened and J /4
formation suppressed. 3° Since the J/%, %', T binding and thus their radii are
different, i.e. r(¢') > 1(J/9¥) > 1(Y), a study of the relative suppression of
these is sensitive to the screening in a QGP and will help differentiate between
deconfinement and possible dissociation in hot nuclear matter. PHENIX will
measure J /1 via electron-pairs near midrapidity and J/4, ¢/, T via muon-
pairs at forward angles. The anticipated raw muon-pair mass spectrum in the
forward muon arm is displayed in Fig.15 for one-month of RHIC operation at
the design luminosity for central Au + Au collisions. Peaks for the J/¢, 9’
and T can be observed. With subtraction of like-sign muon-pairs, and appli-
cation of kinematic cuts the peak-to-background of this spectrum is expected
to improve further and the 9’ peak will become more prominent. For one year
of running at the RHIC design luminosity of 2 x 102¢ cm~2s~!, PHENIX will
detect 390K J/49, 5.7K 9’ and 1.2K T for central collisions (top 10 % in cen-
trality) of Au + Au. The mass resolution is about 100 MeV for the J /¢ and the
pion rejection is somewhat better than 10=% at p > 2.5 GeV/c. In addition to
these charmonium studies, PHENIX will measure open charm (D,D decays)
via unlike-sign ey coincidences using the electron and muon spectrometers.
The rate of open charm production is expected to be sensitive to details of the
early stages of RHIC collisions and will provide complimentary information to
the charmonium studies.

PHENIX will investigate possible chiral symmetry restoration by perform-
ing high resolution measurements of the leptonic and hadronic decays of ¢-
mesons. In a chirally-restored QGP both the ¢-meson and kaon masses may
be modified resulting in change in the mass and width of the ¢-meson and
the branching ratio between leptonic and hadronic channels?* The anticipated
electron-pair spectrum for 8 days of central trigger Au + Au operation at
RHIC is shown in Fig.16. Extremely sharp peaks for the w, ¢, and J/4 are
observed, with a 2-to-1 signal-to-noise ratio in the low mass resonance region.
The mass resolution is approximately 4 MeV for the ¢ decaying to eTe™ (and
~ 1 MeV for ¢ decaying to KTK~ in the hadronic measurement). The pion
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Figure 15: PHENIX muon-pair mass spectrum anticipated in one month of RHIC running
for central Au 4+ Au collisions at a luminosity of 2 x 1026 cm—2s~1,

rejection is better than 10~% for p < 4 GeV/c.

There are various other measurements of interest that will be undertaken
by PHENIX. Measurements will be made using the electromagnetic calorime-
ter to determine the yield of direct photons radiated from the nuclear inter-
action. An enhancement of photons with p; > 2 to 3 GeV/c is expected
because of the high gluon concentration in the early high energy-density stage
of RHIC collisions12® PHENIX will also investigate the order of the QGP phase
transition by measuring the <p; > of identified-charged pions, kaons and pro-
tons at mid-rapidity as a function of the energy density. By detecting both
hadrons and photons, PHENIX can measure fluctuations in isospin, =°/(x™
+ «~), which should occur if a DCC is formed!2°® PHENIX will also study
strangeness and charm production for enhancements, jet-quenching, and the
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Simulation of the Full Dielectron Mass Spectrum
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Figure 16: PHENIX electron-pair mass spectrum anticipated in 8 days of RHIC running for
central Au 4+ Au collisions at a luminosity of 2 x 1026 cm—2s~1.

space-time evolution of the system as a function of energy density.

3.3 The PHOBOS Experiment

The physics goals of the PHOBOS experiment !3! are to measure single par-
ticle spectra and correlations between particles with low transverse momenta
and to characterize events using a multiplicity detector. Charged particles will
be measured and identified in the range 0 < y < 1.5 and 15 MeV/c < p; < 600
MeV/c for pions and 45 MeV/c < p; < 1200 MeV/c for protons. The range
of particles to be studied include v, 7, K, p, 5, $, A, A, d, and d. Particle ratios,
p. spectra, strangeness production (K, @, A, A) and particle correlations will
be studied. An illustration of the experiment is shown in Fig.17. The top coils
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and magnet iron are not shown in order to see the other components. The
multiplicity detector consists of silicon strip detectors and silicon pad detec-
tors. The two magnetic arms have a field strength of 2 Tesla. Eleven layers of
silicon, 5 layers of pads and 6 layers of strips, are installed in each magnetic
spectrometer for tracking and momentum measurements.

Trigger counters

Ring multiplicity
detector

Magnet yoke

Pole piece
and coil

Vertex detectors

Figure 17: A diagram of the PHOBOS two-arm multiparticle spectrometer. The two arms

are located on opposite sides of the beam pipe. Each arm has a 2 Tesla magnet represented

by only the lower coils for ease of viewing other parts of the set-up, with silicon detector
planes for tracking.

3.4 The BRAHMS Experiment

The physics goals of the BRAHMS (BRoad RAnge Hadron Magnetic Spec-
trometers) experiment 132 are to achieve a basic understanding of relativistic
heavy ion collisions at RHIC through a systematic study of particle production
in AA collisions from the peripheral to the most central in impact parameter.
Measurements will be performed using two high resolution magnetic spectrom-
eters at various angles to cover both the baryon-rich fragmentation regions and
the high temperature, baryon-depleted midrapidity region. A diagram of the
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BRAHMS forward and midrapidity spectrometers is shown in Fig.18. The
spectrometers will measure and identify inclusive and semi-inclusive w, K and
p, and their momenta with high statistics over a small solid angle and over a
wide range of pseudorapidity (0 < 1 < 4) and transverse momentum. Particle
identification is performed using various combinations of time-of-flight arrays,
and threshold and ring-imaging Cherenkov counters. BRAHMS will measure
inclusive and semi-inclusive particle spectra, and extract the net baryon den-
sities and temperatures from spectral slopes as a function of rapidity to deter-
mine whether thermal and chemical equilibrium are reached in these collisions.
It will also be able to study both high and low transverse momentum processes.
Centrality will be measured using a global multiplicity detector.

T4 Forward Spectrometer
23<0< 30

Multiplicity

—~ Beam Beam counters

Mid Rapidity Spectrometer
30<0<95

Figure 18: A diagram of the BRAHMS forward and midrapidity spectrometersin the narrow
angle hall at RHIC.

3.5 Overview of Spin Physics at RHIC

The topic of the spin of the nucleon is the subject of another set of
lectures at this Institute!3® It will be discussed briefly here, in that another
physics goal of RHIC is to make significant advances towards understanding
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the spin of the proton. This issue has been pursued in deep inelastic scat-
tering experiments at SLAC, CERN and now HERMES at DESY in order
to determine the contributions of valence quarks and now the gluon to the
proton’s spin. The spin of the proton can be divided into contributions from
quarks (Agq), gluons (AG) and orbital angular momentum (AL) and written
as Sproton = 0.5Ag¢+ AG + AL = 1/2. Though the valence quarks were ini-
tially thought to make up most, if not all, of the proton spin (= 1/2) it was
found that this is not the case. The contribution from valence quarks has been
measured and the world data presently place the value of Ag = 0.30 £ 0.10.
This has left considerable room for other contributions to the spin of the pro-
ton and in particular it will be necessary to go to higher energies to increase
the accuracy of the value of the quark contribution to the proton spin. The
contribution from gluons has yet to be measured and that of orbital angular
momentum is probably unmeasurable, except by subtraction after all other
contributions are known.

RHIC will provide the opportunity for the gluon component of the proton
spin to be measured. This will be possible by colliding polarized protons at
momenta up to 250 GeV/c each at RHIC, and measuring asymmetries for
high p, photons, Drell-Yan, jets, W, and Z°. At these energies one is in
the perturbative QCD regime with high values of momentum transfer (Q?)
and cm energy, where quantities are calculable and QCD can be tested. As
a polarized proton collider, RHIC is expected to attain luminosities of up to
2 x 1032¢m~2%s7!, with a polarization of 70%, and is anticipated to operate
in this mode for an average of 10 weeks per year. At present both large
experiments, STAR and PHENIX, have spin physics programs approved at
RHIC.

There are also other experiments around the world which have been pro-
posed to undertake measurements of the polarized gluon structure function.
The COMPASS experiment 3¢ has been proposed to utilize a polarized muon
beam at CERN impinging on a polarized (proton) target. This experiment
would concentrate on measuring the production of open charm to determine
the polarized gluon structure function. Farther in the future could be a polar-
ized electron-proton collider at DESY. There are some first indications from
existing polarized fixed-target experiments that the gluon contributions at low

x are large!33

A summary of the spin asymmetry measurements at RHIC follows. The
gluon spin structure function AG(z), where x is the fraction of the proton
momentum carried by the parton, can be determined by measuring the asym-
metries for the production of photons, jets and photon-jet coincidences. The
measured double spin asymmetry is defined as Ay, = (dot+ —dot™)/(do™t +
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dot™), where dott corresponds to the case where the longitudinal polariza-
tion of the two proton beams are aligned and dot~ to the anti-aligned case.
Since the polarized proton beams appear as beams of polarized partons, the
asymmetry Arr can be measured for a given process and then related to the
polarized structure function at the parton level. 132

Measuring the asymmetry for production of direct photons, which result
from the qg — qy Compton process, as a function of x provides a measurement
of the polarized gluon structure function from the parton level equation App =
arr(q9 — v9)(Aq(z)/q(z))(AG(z)/G(z)). Here Ag(z)/q(z) for the valence
quarks is taken from deep inelastic scattering measurements, and arr(qg —
vq) is the elementary parton level process which is calculable in perturbative
QCD. Another process which contributes to asymmetries in the direct photon
production is the annihilation process q§ — g7y, although this contribution
is rather small since there are much fewer anti-quarks than quarks in the
proton beams. All relevant processes must also be folded into analysis of the
measured double spin asymmetry for production of direct photons!3® Similarly,
the double spin asymmetry can be measured in jet production and in ~-jet
coincidences as a function of p; .

The contribution of sea quarks to the spin of the proton can be measured in
polarized proton-proton collisions at RHIC. The Drell-Yan process (involving
qg) provides a measure of the asymmetry for Ag, W (involving di) measure-
ments for A#, and W~ (involving ud) measurements for Ad. In addition, both
parity-conserving and parity-violating asymmetries of W* production can be
measured to provide tests of fundamental symmetries in QCD13¢

Another fundamental structure function which can only be measured in
polarized proton-proton collisions is the transversity Ahq!37 This structure
function involves the correlation between left- and right-handed quarks in a
transversely polarized proton beam. It is not observable in deep inelastic scat-
tering on a single quark, and requires double transverse spin asymmetry mea-
surements for Drell-Yan and Z° production.

It is clear that in addition to the relativistic heavy ion program for which
RHIC was constructed, there will also be a broad program of fundamental spin
structure function measurements at RHIC.
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